Background {#Sec1}
==========

Cancer cachexia is a wasting syndrome defined by an ongoing loss of skeletal muscle and fat mass that cannot be fully reversed by conventional nutritional support \[[@CR1]\]. Cancer cachexia occurs in approximately 80% of cancer patients, and is the primary cause of death in 22--30% of all cancer patients \[[@CR2], [@CR3]\]. Cancer cachexia significantly reduces tolerance to antineoplastic therapy and decreases quality of life \[[@CR4], [@CR5]\]. However, cancer patients are not usually diagnosed with cachexia until they have lost more than 5--7% body mass due to lack of effective early detection markers \[[@CR6]\]. There is therefore an urgent need to understand the underlying mechanisms of cancer cachexia to inform the development of new diagnostic and therapeutic targets.

Although muscle wasting is the hallmark of cancer cachexia, the underlying catabolic driver of cancer cachexia comprises more than just proteolytic breakdown of contractile muscle proteins. Depletion of adipose tissue also contributes to the devastating impact of cancer cachexia \[[@CR7]\]. Loss of adipose tissue has been reported to be associated with reduced quality of life and shorter survival independent of body mass index (BMI) in advanced cancer patients \[[@CR8], [@CR9]\]. Increased lipolysis and fat oxidation, decreased lipogenesis, impaired lipid deposition and adipogenesis, as well as browning of white adipose tissue (WAT) may underlie adipose atrophy in cancer cachexia \[[@CR10]\].

In general, there are two classical types adipose tissues; WAT, which is responsible for accumulation of intracellular lipid droplets and brown adipose tissue (BAT) that causes energy dissipation as heat \[[@CR11]\]. Distinct thermogenic BAT consists of not only the classical brown adipocytes but also a second type of brown adipocytes, so-called "beige cells", which appears in WAT depots in response to cold or β3-adrenergic stimuli \[[@CR12], [@CR13]\]. Beige adipocytes are also characterized by the expression of uncoupling protein 1 (UCP1), and regarded as inducible brown adipocytes within WAT, a phenomenon termed WAT browning \[[@CR11], [@CR14]\]. Mounting evidence shows that WAT browning is responsible for a significant increase in total energy expenditure as found in obesity \[[@CR15]\]. Therefore, stimulation of WAT browning via different strategies has become an attractive therapeutic approach for obesity-associated metabolic syndrome \[[@CR16], [@CR17]\]. In contrast to obesity, cancer cachexia is characterized by WAT loss. Therefore, although WAT browning is considered to be beneficial for obesity, whether WAT browning is beneficial for cancer cachexia has not been fully elucidated. In addition, WAT browning was detected in cachectic mice \[[@CR18]\]. However, the incidence of WAT browning in cachectic gastric and colorectal cancer patients has rarely been reported.

Chronic inflammation as mediated by interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) has been widely investigated as an important regulator of fat wasting in cancer cachexia \[[@CR3], [@CR10]\]. However, the relationship between inflammatory cytokines and WAT lipolysis and browning in cachectic patients has also rarely been reported. Whether inflammatory cytokines contribute to adipose depletion in cancer cachexia by accelerating WAT lipolysis and browning therefore remains unclear.

In the present study, we detected WAT lipolysis and browning in subcutaneous WAT of cachectic patients with gastric and colorectal cancer. The relationship between inflammatory cytokines and WAT lipolysis and browning were also analyzed in cachectic patients. The effect of IL-6 on WAT lipolysis and browning was analyzed in cachectic mice.

Methods {#Sec2}
=======

Patients and sample collection {#Sec3}
------------------------------

Subcutaneous WATs were collected during surgery from patients with gastric and colorectal cancer in Zhongshan Hospital of Fudan University during January 1, 2014 to December 31, 2016. Diagnoses of malignant disease were confirmed by postoperative pathological examinations. Exclusion criteria were as follows: 1) patient ages \<18 years; 2) patients who received chemotherapy or anti-inflammatory treatment before surgery; and 3) patients with acute or chronic renal and liver failure, acute and chronic hepatitis, diabetes, metabolic acidosis, sepsis, acquired immune deficiency syndrome (AIDS), inflammatory bowel disease, autoimmune disorders, chronic heart failure, hyperthyroidism, and chronic obstructive pulmonary disease. Written informed consent was obtained from all patients. The Ethics Committee of Zhongshan Hospital of Fudan University approved study (No.: B2013-106R). The subjects were divided into three groups: non-cachexia (*n* = 50), early-stage cancer cachexia (*n* = 40), and late-stage cancer cachexia (*n* = 28). Patients were considered cachectic based on criteria from an international consensus \[[@CR1]\]. In this study, we defined late-stage cachexia as patients with weight loss \>10% in the past 6 months.

Subcutaneous WATs were cut into halves, and one piece was immediately frozen in liquid nitrogen and stored at −80 °C until further analysis, while the other half was fixed in 10% formalin and embedded in paraffin. Blood samples of all patients were collected before surgery and immediately centrifuged at 3000 rpm for 15 min at 4 °C. Serum samples were preserved at −80 °C for further analysis. The clinical characteristics of each patient before surgery, including age, sex, and BMI were recorded.

Experimental cachexia model and treatments {#Sec4}
------------------------------------------

BALB/c male mice (6--8 weeks of age) weighing 16--20 g were purchased from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences. Mice were housed at 22 ± 1 °C with a 12-h light/dark cycle and had free access to water and conventional diet. Mice were acclimatized to the environment for 1 week before start of study. All animal manipulations were carried out according to the guidelines and regulations for the use of experimental animals by the Chinese Academy of Sciences. All efforts were made to minimize animal suffering, and to use only the number of animals necessary to produce reliable scientific data.

Colon 26/clone 20 cells, which have been reported to induce severe cachexia in BALB/c mice by subcutaneous inoculation, were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 5% fetal bovine serum and 1% penicillin-streptomycin at 37 °C in 5% CO~2~. Mice were randomly assigned to three experimental groups: control group, Colon 26 tumor-bearing group, and anti-IL-6 receptor antibody (eBiosciences, CA, USA) treated tumor-bearing group. On study day 0, 1.0 × 10^6^ cells suspended in 100 μl phosphate-buffered saline (PBS) were injected subcutaneously into the right armpit of mice in tumor-bearing and anti-IL-6 receptor antibody-treated group. An equal volume of PBS without tumor cells was injected into the control group. In the anti-IL-6 receptor antibody-treated group, each mouse received intraperitoneal injection of 10 μg anti-IL-6 receptor monoclonal antibody diluted in 200 μl normal saline every 2 days. Control and tumor-bearing groups received 200 μl PBS. On day 16, the mice were sacrificed via cervical dislocation. Subcutaneous inguinal and epididymal WAT, interscapular BAT, and gastrocnemius muscle were collected and weighed. Specimens were cut into halves, processed and stored as was carried out with human WAT samples.

Immunohistochemistry and morphological analysis {#Sec5}
-----------------------------------------------

Human and mouse subcutaneous WATs embedded in paraffin were cut into 5 μm sections. UCP1 immunostaining of all tissues were performed as previously described \[[@CR19]\]. Briefly, slides were dehydrated in graded alcohols and xylene. Antigen retrieval was performed with 0.01 M citrate buffer at 95 °C for 20 min at pH 6.0. Slides were incubated with diluted primary antibodies (anti-UCP1, 1:100 dilutions) for 12 h. The slides were then incubated with biotinylated secondary antibody for 1 h, peroxidase-labeled streptavidin for 15 min, and diaminobenzidine and hydrogen peroxide chromogen substrate plus diaminobenzidine enhancer for 10 min, followed by counter staining with Mayer's hematoxylin. Images were obtained with a × 40 objective lens. Adipocyte sizes of WAT were manually traced and quantified using ImageJ software.

Real time PCR analysis {#Sec6}
----------------------

Total RNA was isolated from human and mouse subcutaneous WAT using TRIzol Reagent (Invitrogen, CA, USA) according to the manufacturer's recommendations. RNA concentrations were quantified by NanoDrop 2000 spectrophotometer and integrity was determined by gel electrophoresis. Complementary DNA was synthesized from 1 μg total RNA using cDNA Synthesis kit (Takara, Dalian, Japan) following the manufacturer's protocols. Gene expression analysis was performed using PrimeScript RT master mix (Takara, Dalian, Japan) in StepOnePlus Real-Time system (Applied Biosystems, CA, USA). Relative gene expression levels were calculated using 2^-∆∆Ct^ and compared with 18sRNA as internal control. Primers used are shown in Table [1](#Tab1){ref-type="table"}.Table 1Primers used for real-time PCR analysesGenesHumanMouseAtglFTCCTCGGCGTCTACTACGTCCAACGCCACTCACATCTACGRCTCAATGAACTTGGCACCAGAGCAGGCAGGGTCTTCAGTHslFAACTGCCAGCTGCCTTAAAACCTCAAAGTCAAACCCTCCARTTCCCTCACGGGAGATATTGGTGCGTAAATCCATGCTGTCgi58FGTGCCCTAGGATTGGACAAATGTGTCCCCTGCACTTACAARGGCTCTGATCCAAACTGGAAAAAATTCAGGGCCCAAAGTUcp1FGTGTGCCCAACTGTGCAATGCACCTTCCCGCTGGACACTRCCAGGATCCAAGTCGCAAGACCCTAGGACACCTTTATACCTAATGGTmem26FATGGAGGGACTGGTCTTCCTTACCCTGTCATCCCACAGAGRCTTCACCTCGGTCACTCGCTGTTTGGTGGAGTCCTAAGGTCTbx1FACGACAACGGCCACATTATTCGGCAGGCAGACGAATGTTCRCCTCGGCATATTTCTCGCTATCTTTGTCATCTACGGGCACAAAGEva1FGGAATCCTGAGCGGTACGATGCCACTTCTCCTGAGTTTACAGCRCTGGCAGGTGTATGTCCCATTGCATTTTAACCGAACATCTGTCCPdk4FGGAGCATTTCTCGCGCTACACCGCTTAGTGAACACTCCTTCRACAGGCAATTCTTGTCGCAAATCTACAAACTCTGACAGGGCTTT

Serum determinations {#Sec7}
--------------------

Human serum concentrations of albumin, triglyceride, and free fatty acids (FFAs) were determined in the laboratory department of Zhongshan Hospital of Fudan University using commercial enzymatic kits. Serum concentrations of IL-6 and TNF-α were assessed using IL-6 and TNF-α enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's protocols.

Western blot analysis {#Sec8}
---------------------

Preparation of total protein lysates and western blot analysis were performed as previously described \[[@CR19]\]. Primary antibodies (1:1000 dilution) against Cgi58 and Tbx1 (Abcam, UK) were used. Tubulin expression was used as an endogenous control.

Statistical analyses {#Sec9}
--------------------

Results are expressed as mean ± standard error of the mean (s.e.m.). The mRNA levels of relevant genes were compared between groups with two-tailed Student's *t* test. The correlations of serum FFA with IL-6 and TNF-α in early- and late-stage cachexia were analyzed using Spearman rank correlation tests. All statistical analyses were performed using GraphPad Prism 5.0. Statistical significance was defined as *P* \< 0.05.

Results {#Sec10}
=======

Clinical characteristics of patients and association between inflammatory cytokines and WAT lipolysis {#Sec11}
-----------------------------------------------------------------------------------------------------

First, we compared the clinical characteristics of the different groups of patients in the study. As shown in Table [2](#Tab2){ref-type="table"}, serum concentration of IL-6 was higher in patients with late-stage cachexia than those without cachexia and early-stage cachexia. Interestingly, serum concentration of TNF-α was increased in only late-stage cachexia. Furthermore, serum albumin and BMI were significantly decreased in late-stage cachectic patients. Although there were no differences in serum triglyceride among the three groups, the concentration of serum FFA was significantly increased in cachectic patients, especially in early-stage cachexia. Correlation analyses showed significantly positive association between serum IL-6 and FFA in both early- and late-stage cachexia (Fig. [1](#Fig1){ref-type="fig"}). However, serum TNF-α was positively associated with only serum FFA in early- but not late-stage cachexia (Fig. [1](#Fig1){ref-type="fig"}).Table 2Patient dataNon-cachexia (*n* = 50)Early-cachexia (*n* = 40)Late-cachexia (*n* = 28)Ages (years)63.5 ± 11.862.1 ± 10.659.7 ± 11.3Female no. (%)22 (44.4%)18 (45%)13 (46.4%)BMI (kg/m^2^)23.9 ± 3.520.2 ± 3.1^\*^18.3 ± 3.4^\*,\ \#^Serum albumin (g/l)38.6 ± 4.433.7 ± 3.8^\*^30.1 ± 3.1^\*,\ \#^Serum triglyceride (mmol/l)1.3 ± 0.61.6 ± 0.91.4 ± 0.6Serum FFA (mmol/l)0.32 ± 0.180.55 ± 0.25^\*^0.41 ± 0.25 ^\#^Serum IL-6 (pg/ml)4.6 ± 2.77.2 ± 4.3^\*^13.3 ± 7.4^\*,\ \#^Serum TNF-α (pg/ml)6.8 ± 4.410.2 ± 5.016.7 ± 6.7^\*,\ \#\*^*P* \< 0.05 (early stage cachexia VS. non-cachexia; or late stage cachexia VS. non-cachexia;); ^\#^*P* \< 0.05 (late stage cachexia VS. early stage cachexia)Fig. 1Association between serum inflammatory cytokines and WAT lipolysis in cachectic patients. **a** Correlation analysis between serum IL-6 and FFA in early-stage cachexia (*n* = 40). **b** Correlation analysis between serum TNF-α and FFA in early-stage cachexia (n = 40). **c** Correlation analysis between serum IL-6 and FFA in late-stage cachexia (*n* = 28). **d** Correlation analyses between serum TNF-α and FFA in late-stage cachexia (*n* = 28)

WAT lipolysis increased in both early- and late-stage cachexia while WAT browning was detected only in late-stage cachexia {#Sec12}
--------------------------------------------------------------------------------------------------------------------------

To determine whether human subcutaneous WAT undergoes lipolysis and browning, we investigated WAT morphology and UCP1 expression in subcutaneous WAT of the different groups of patients. There was obvious WAT atrophy in cachectic compared to non-cachectic patients (Fig. [2a](#Fig2){ref-type="fig"}). However, no significant difference in adipocyte sizes was detected between early- and late-stage cancer cachexia (Fig. [2b](#Fig2){ref-type="fig"}). Interestingly, WAT lipolysis-associated genes (*Atgl, Cgi58*, and *Hsl*) were upregulated in early- but not late-stage cachexia (Fig. [2c](#Fig2){ref-type="fig"}).Fig. 2Comparisons of subcutaneous WAT among patients with non-cachexia (*n* = 50), patients with early-stage cachexia (*n* = 40), and patients with late-stage cachexia (*n* = 28). **a** Representative Ucp1 staining of subcutaneous WAT in different groups of patients. **b** Mean sizes of adipocyte in different groups of patients. **c** mRNA expression of WAT lipolysis and browning associated genes in different groups of patients. \**P* \< 0.05

To determine whether WAT browning occurred in cachectic patients, we found upregulated UCP1 mRNA in patients with late-stage cancer cachexia compared to the other two groups (Fig. [2c](#Fig2){ref-type="fig"}). Immunohistochemistry also confirmed the high expression of UCP1 protein in late-stage cancer cachexia (Fig. [2a](#Fig2){ref-type="fig"}). We also detected the classical "beige cells", which were characterized as UCP1-positive and morphologically by multilocular lipid deposits, in 6 of 28 late-stage cachectic patients. To confirm the occurrence of WAT browning, we examined several established brown and beige fat-associated markers in subcutaneous WAT. Interestingly, beige fat-associated genes (*Tmem26* and *Tbx1*) but not brown fat-associated genes (*Eva1* and *Pdk4*) were upregulated in patients with late-stage cachexia (Fig. [2a](#Fig2){ref-type="fig"}).

In addition, we found significantly increased serum concentrations of IL-6 and TNF-α in 6 patients with, compared to 22 patients without beige fat cells (data not shown), indicating IL-6 and TNF-α might be associated with WAT browning.

Anti-IL-6 receptor antibody inhibited WAT lipolysis and browning in cachectic mice {#Sec13}
----------------------------------------------------------------------------------

To clarify whether IL-6 promotes WAT lipolysis and browning in cancer cachexia, we used anti-IL-6 receptor antibody to inhibit IL-6 in Colon 26 tumor-bearing cachectic mice. Inguinal and epididymal WAT, BAT, and skeletal muscle were significantly decreased in cachectic mice, while they were partly preserved (especially inguinal WAT) in anti-IL-6 receptor antibody-treated mice (Fig. [3a](#Fig3){ref-type="fig"}). Serum concentration of FFA was increased in cachectic mice, but partly decreased in anti-IL-6 receptor antibody-treated mice (Fig. [3b](#Fig3){ref-type="fig"}). Analysis of inguinal WAT also showed significant cell atrophy and positive UCP1 staining in cachectic mice, and a protective effect by anti-IL-6 receptor antibody (Fig. [3c](#Fig3){ref-type="fig"}). Three WAT lipolysis-associated genes (*Atgl, Cgi58*, and *Hsl*) were significantly upregulated in cachectic compared to control mice. However, only *Atgl* and *Cgi58* were significantly upregulated in anti-IL-6 receptor antibody-treated mice (Fig. [3d](#Fig3){ref-type="fig"}). Interestingly, two beige fat-associated genes (*Tmem26* and *Tbx1*) and one brown fat-associated gene (*Eva1*) were upregulated in cachectic compared to control mice. However, none of these genes was significantly upregulated in anti-IL-6 receptor antibody-treated mice (Fig. [3d](#Fig3){ref-type="fig"}). As shown in Fig. [3e](#Fig3){ref-type="fig"}, the protein expression levels of *Cgi58* and *Tbx1* were consist with the mRNA expression.Fig. 3Comparison among control mice (*n* = 8), cachexic mice (*n* = 8), and anti-IL-6 receptor antibody (IL-6R Ab) treated mice (*n* = 8). **a** Weight of inguinal WAT, epididymal WAT, BAT, and skeletal muscle in different groups of mice. **b** Serum concentrations of FFA in different groups of mice. **c** Representative Ucp1 staining of inguinal WAT in different groups of mice. **d** mRNA expression of WAT lipolysis and browning associated genes of inguinal WAT in different groups of mice. **e** The protein expression of Cgi58 and Tbx1 of inguinal WAT in different groups of mice \**P* \< 0.05

Discussion {#Sec14}
==========

A key feature of cancer cachexia is loss of WAT because of increased adipocyte lipolysis and other mechanisms. Given that serum FFA mainly originates from lipolysis of WAT, we first examined changes in serum FFA in cachectic patients. Interestingly, serum FFA levels were higher in early- than late-stage cachexia, indicating that WAT lipolysis might be the dominant mechanism in early-stage cancer cachexia.

In spite of increased WAT lipolysis, WAT browning has been proposed as another contributor to WAT atrophy during cancer cachexia \[[@CR10]\]. In this study, we report for the first time the occurrence of WAT browning in late- but not early-stage cancer cachexia in humans. The results suggest WAT browning might be a terminal phenomenon that accelerates WAT atrophy in late-stage cancer cachexia.

It is well established that there is a link between cachexia and systemic inflammation. However, the mechanisms and effects of this inflammatory response are not clear. Pro-inflammatory cytokines (e.g., TNF-α and IL-6) produced by tumor or host tissue due to tumor presence leads to both systemic and local inflammation in cancer \[[@CR20], [@CR21]\]. However, data on local adipose tissue inflammation in cancer are inconsistent, being reported as either increased or unchanged \[[@CR22], [@CR23]\]. There are also conflicting results on whether levels of TNF-α are increased in cancer patients with weight loss \[[@CR3]\]. A trial of anti-TNF-α antibodies in patients with cancer cachexia has also shown no benefit \[[@CR24]\]. In our study, serum TNF-α increased with decreasing body weight. However, serum TNF-α was positively associated with serum FFA in early- but not late-stage cancer cachexia, which suggests TNF-α may accelerate WAT lipolysis in early-stage cancer cachexia, with reduced effect in late-stage cachexia.

In contrast to TNF-α, circulating levels of IL-6 have been shown to correlate with weight loss in cancer patients, and importantly, IL-6 levels correlated with reduced survival \[[@CR3]\]. We also found positive association between serum IL-6 and FFA in both early- and late-stage cachexia, suggesting IL-6 might induce weight loss in cancer cachexia by accelerating WAT lipolysis. However, trials of a monoclonal anti-IL-6 antibody in weight-losing lung cancer patients showed no significant effect on loss of lean body mass \[[@CR25]\]. Therefore, whether the effect of IL-6-induced weight loss in cancer cachexia is mainly through WAT but not muscle loss need further study.

Several studies have reported the occurrence of WAT browning in mouse models of cancer cachexia \[[@CR18], [@CR26]\]. However, whether WAT browning occurs in cachectic gastric and colorectal cancer patients remains unclear. In this study, we found classical beige cells in only 6 patients with late-stage cachexia. To the best of our knowledge, this is the first report on the presence of WAT browning in a large sample of gastric and colorectal cancer patients. Our results indicate WAT browning might not be a common phenomenon in patients with cancer cachexia. We also found serum concentrations of IL-6 and TNF-α to be significantly increased in 6 patients with compared to 22 patients without beige fat cells, indicating IL-6 and TNF-α might accelerate WAT browning.

Fat loss observed in cachectic patients is thought to occur via breakdown of adipose tissue (mainly WAT) \[[@CR13]\]. In cancer cachexia, lipolysis and lipid wasting may occur to an extent before muscle loss \[[@CR27]\]. Consistent with the findings in a mouse model of colon cancer that demonstrated an increase in protein kinase-A-mediated lipolysis in early-stage cachexia \[[@CR28]\], we also found upregulated WAT lipolysis-associated genes in early-stage cancer cachexia. WAT lipolysis-associated genes were not upregulated in late-stage cachexia, which may explain the lower serum FFA levels in late- compared to early-stage cachexia.

Recent data suggest there are two distinct types of brown fat: classical BAT derived from myogenic factor 5 (myf-5) lineage cells and UCP1-positive cells referred to as beige adipocytes that emerge in white fat from a non-myf-5 lineage \[[@CR29], [@CR30]\]. BAT was once thought to be present in only rodents and neonates \[[@CR31]\]. However, highly metabolically active BAT was identified in adult humans via positron emission tomographic and computed tomographic (PET/CT) scanning \[[@CR32], [@CR33]\]. Recent data suggested that human BAT consist of mainly beige adipocytes, indicating WAT browning occurs in adult humans \[[@CR11], [@CR34]\]. In our study, markers of beige adipocytes characterized the UCP1-positive cells detected in late-stage cachectic patients. Although both beige and brown fat-associated genes were upregulated in cachectic mice, the markers of beige adipocytes were more significantly elevated than those of brown adipocytes. Taken together, the UCP1-positive cells detected in WAT in both cachectic cancer patients and mice were beige adipocytes.

In cancer cachectic mice, we found inhibition of IL-6 significantly preserved the weights of inguinal and epididymal WAT. However, weights of BAT and muscle were not significantly preserved by inhibition of IL-6. These findings in combination with the inhibition of WAT lipolysis and browning-associated genes in inguinal WAT of anti-IL-6 receptor antibody-treated mice suggest IL-6 might induce inguinal WAT atrophy by accelerating WAT lipolysis and browning. However, whether this proposed mechanism occurs in humans need further investigation.

Conclusion {#Sec15}
==========

Our results provide direct confirmatory evidence for the occurrence of WAT browning in cachectic gastric and colorectal cancer patients. We also suggest that IL-6 might induce WAT atrophy during cancer cachexia by accelerating WAT lipolysis and browning. These data suggest inhibition of IL-6 might be a promising approach to ameliorate fat loss in cancer cachexia, at least for gastric and colorectal cancer patients.
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